The large-area flat panel display technology is currently dominated by transmissive screens in the form of back-lit liquid crystals (LCD). 5 In applications where low-power is desired (such as portable devices), transflective screens offer a very acceptable compromise. 6 Emissive screens wherein each and every pixel consists of a light emitting diode are slowly displacing LCD screens. 7 Non-emissive display technology is a superset of what is commonly termed "electronic paper" (e-Paper). E-Paper may be based on a number of techniques, including electrochromic displays which utilize chromogenic materials that (reversibly) change color when they undergo a redox reaction. 8 Electrochromic displays are attractive because they consume little power. In addition to that, their production technology and overall processing is fully compatible with well established roll-to-roll printing tools. 9 A display's (or pixel's) fillfactor is defined as the ratio between the active area to the total area of the display (or pixel).
The fill-factor is typically sacrificed in electrochromic matrix displays to accommodate the active addressing circuitry. 10 A passive matrix (PM) addressing circuit is constructed by placing the display medium between a crisscross of front and rear electrodes. The resulting grid forms the rows and columns of the display matrix and their intersection constitutes the pixel. 11 The addition of thin-film diodes or transistors to address the pixels in active matrix (AM) displays sacrifices the fill-factor in favor of higher refresh rates and lower energy consumption. Alas, active matrix addressing schemes are also significantly more expensive and complex to produce (as compared with passively addressed display circuits). Figure 1 shows the layout for a PM and a transistor-enabled AM addressing scheme. In both cases, a pixel is selected by applying a voltage on the corresponding row and column. The addition of an active component in the AM constrains the voltage to the selected cell. In the PM, however, the whole row and column are affected by the voltage, which leads to cross-talk on the adjacent cells. Cross-talk voltage results in severe picture distortion. The active component may be a transistor or a diode depending on the desired performance.
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Electrochromic materials exhibit the property of change, evocation, or bleaching of color as a result of undergoing a redox process (or by a sufficient electrochemical potential). 12 Since their advent some four decades ago, electrochromic materials have attracted considerable attention for their potential use in display applications. 13 Electrochromic materials may be inorganic (e.g: oxides of transition metals) or organic (e.g: resonance stabilized aromatic molecules). 12 Because the latter are compatible with printing technology, they are generally considered good candidates for low-cost displays in packaging, point-of-care testing, authentication applications, and the so-called Internet of Things. 14 Due to a high level of selfdischarge, OECDs suffer from poor retention time. This drawback increases the power consumption enormously, because the display has to be refreshed at regular intervals.
Addressing of OECD is currently done through complex backplane electronic circuitry, which hardly qualifies as printable (as it requires drilling of vias) or low-cost (due to the price of the active electronic components).
The basic structure of an OECD includes two polymer electrodes and a common electrolyte.
The current versus voltage (I-V) characteristics of the OECDs is governed by the charging and discharging of the electrodes in an electrochemical supercapacitor. Therefore, the I-V characteristics lack a threshold or rectification behavior that would make passive matrix addressing possible.
One of the most common printable conducting polymer explored in electrochromic display settings is poly(3,4-ethylene-dioxythiophene) doped with poly(styrene-sulfonate) (PEDOT:PSS) . [17] [18] [19] Iontronics may interface with biological systems since many biologically active molecules (such as neurotransmitters) are essentially ions and can easily be transported through (or along) membrane device configurations. 20 One of the basic devices is the bipolar membrane which consists of an anion-selective membrane and a cation-selective membrane in contact with one another. Figure 3e -g illustrates the BM diode concept and its operating mechanism. Bipolar membrane diodes with a rectification ratio beyond 1000 have been reported in the past. The rectification of an ion current may potentially be used in electronic, electrochemical and iontronic devices and circuits to achieve electronic current rectification and desired non-linearity in bias response. 21, 22 Figure 3e shows the mobile ions distribution when the device is unbiased. Figure 3f shows the forward bias mode where the anions/cations, propelled by the electric field, migrate towards the BM junction. This accumulation of mobile ions along the junction gradually increases the conductivity. 17 In reverse bias mode, illustrated in Figure 3g , the mobile ions migrate away from the BM junction and towards the electrodes. This depleted junction causes a significant drop in ion concentration which, in turn, leads to a decrease in ionic conductivity. 17 The current-voltage characteristics is therefore similar to that of a diode ( Figure 3h ).
In this work, we propose to integrate addressability and electrochromism within the same device by using an ionic diode based on a bipolar membrane (BM) stack sandwiched between two PEDOT:PSS layers (see Figure 3i -k. In this combined architecture, current rectification and addressability is provided by the bipolar membrane electrolyte, while the color switching derives from the PEDOT:PSS electrode layer. We demonstrate that the integration of a BM into an EC display introduces a non-linear I-V characteristics, a prerequisite for addressability in a 2D matrix of EC pixels (Figure 3m) To demonstrate this concept, we use monopolar and bipolar membranes to build vertical ECDs similar to the devices depicted in Figure 3a and 3i (respectively). connected in series with the EC display leads to a similar asymmetry in the I-V characteristics with a pinched current in the reverse bias (see supplementary information). However, since the BM is mostly transparent, it is difficult to follow the color switching characteristics during operation of the device. Moreover, there is a residual current, likely due to water splitting, in the reverse bias beyond -0.8 V that severely restricts the device's window of operation. 21, 22 This residual current also limits the rectification of the EC diode.
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The I-V characteristics of both membranes are shown for a series of different scan rates (5, 25, 50, 100 mV/s). The innermost curve corresponds to the slowest scan rate (5 mV/s), while the outermost curve corresponds to the fastest one (100 mV/s). The slower the scan rates, the less current passes through the devices. Figure 4a is similar in shape to that of Figure 3d . Figure 4b shows the asymmetry in the I-V characteristics of an OECD with a bipolar membrane.
With the aim of studying the electrochromism on both electrodes simultaneously, as well as to improve the rectification properties of the EC diode, we built a planar version of the device as depicted in Figure 5 . Using a combination of photolithography with liquid-phase and plasma etching, we microfabricated a bipolar membrane (50x50 µm channel) with two PEDOT:PSS electrodes (2500x2500 µm) on a flexible substrate. The bipolar membrane was made from a stack comprising a 800 µm thick polyphosphonium as well as a 200 µm thick polystyrene sulfonate (PSS) film. The chemical structure of these materials is displayed in figure 5 .
Polyphosphonium was used as a polyanion since it was reported to prevent electric fieldenhanced water dissociation in BM diodes. 21, 22 Figure 5 illustrates the microfabricated planar bipolar membrane diode embedded in an electrochromic display as it would appear under forward bias.
We applied a +/-8 V square pulse to the OECD-BM-diode and recorded the current response (Figure 7a) . The left probe is connected to the positive terminal while the right probe is connected to the negative terminal of the power supply. Despite voltages outside the electrochemical window of aqueous electrolytes, the electric field-enhanced water dissociation is hindered owing to the inclusion of a non amine-based polycation. 23 And because the PEDOT:PSS electrodes are polarizable, the electrochemical water splitting into hydrogen and oxygen gas is also prevented here. 24 The on/off ratio of the device is found to be close to 100. The device is operated longer in reverse bias than in the forward mode. The reverse current is low (Ioff ≈ 1 0-9 A), so in 120 s only 3 µC passes through the device which is not enough to cause any substantial electrochromism in the PEDOT:PSS electrodes. The color of the two electrodes thus remains unchanged (Figure 6a ). In forward bias, however, after 60 s operation the total charge displaced between the two electrodes exceeds 120 µC and the right hand side electrode becomes dark blue (Figure 6a ). This is explained by the high ionic current that passes through the bipolar membrane (Ion ≈ 10 -6 A) which leads to a significant reduction of PEDOT on the right electrode and oxidation of the left electrode (see Equation 1 ). The fact that the right electrode undergoes a strong color change compared to the left electrode is due to the non-linear absorption versus voltage profile for PEDOT (as expounded in Figure 6a ).
Reversing the current leads to a sharp current peak attributed to the transitory double-layer formation followed by a steep decline in current level. This kind of I-V characteristics is observed in similar bipolar membrane devices. 17 and 6c.
To explain these results, we propose the following mechanism: Substituting the BM for the ionic conductor (i.e. the electrolyte) in the electrochemical display described in Figure 3a Figure 3k ).
In summary, we demonstrate the feasibility of incorporating an ionic diode inside an electrochromic display using a bipolar membrane. The asymmetric conductance of this embedded diode may be exploited to address a matrix of electrochemical display cells.
Current rectification is known to provide addressability in passive matrix circuits. Both PEDOT:PSS electrochromic displays and bipolar membrane diodes are compatible with printing techniques. Despite relying on photolithography in this work, the solutionprocessability of all materials involved indicates that the manufacturing process may be adapted for printing. This may potentially enable the manufacturing of cheap large-area electrochromic displays. In such a configuration, the bipolar membrane electrolyte plays the dual role of providing reactants for the electrochromism as well as rectifying the current for addressing purposes. 2, 9 In effect, this provides a cost-effective way of building an electrochromic display matrix by utilizing the bipolar membrane's rectification to address the display and selectively switch one side of the pixel only. These results also provide an easy way to improve the retention time (bistability) of polymer electrochromic displays. Moreover, the ionic bipolar membrane diode does not add any device features alongside that of the display cell; it is incorporated between the electrodes and plays the role of both the electrolyte and the rectifier. The integration of the BM diode into OECD cells would allow organic displays to retain very high fill factors. However, due to the slow turn-on and turn-off times, this technology is constrained to niche display applications where refresh rates in minutes are acceptable (billboards, linear/matrix barcodes, electrochromic wallpaper, etc.).
Experimental Section
ECDs with commercially available membranes: The monopolar membrane (Ralex CMH RGB values were extracted with ImageMagick's "convert" tool (in Bash 4.3.11). All measurements were performed in ambient atmosphere at 23° C and 40 % relative humidity.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. "initialization time" (held in reverse bias for 80 s). 17 Two sweeps at 500 mV/s are shown in Figure S2 . The device exhibits hysterisis comparable to the circuit in Figure S1c , albeit with considerably more current flowing in reverse bias mode. Figure S2 . I-V curve of a bipolar membrane diode.
